Introduction
With the rapid growth of sequence-related databases, there is an increasing need for reliable functional annotation of newly predicted proteins. To cope with such large data volumes, faster and more effective means of creating annotation are required (Baker and Brass, 1998) . One promising approach is automatic annotation, which is generated without human interaction (Apweiler et al., 1997; Gaasterland and Sensen, 1996) .
Several solutions are based on high-level sequence similarity searches against known proteins (Fleischmann et al., 1995) . Others collect the results of different prediction tools in a simple (Frishman and Mewes, 1997) or more elaborate (Scharf et al., 1994) manner. However, several pitfalls of these methods have been reported, e.g. using only the best database hit or ignoring the domain organisation of proteins (Galperin and Koonin, 1998; Bork and Koonin, 1998 ). An algorithm was designed that is based on multiple sequences and is independent of protein domains.
For the annotation of TrEMBL (Bairoch and Apweiler, 1998) , a single sentence describing some properties of the unknown protein is not regarded as optimal annotation. Required is as much information as possible about properties like function(s) of the protein, domains and sites, catalytic activity, cofactors, regulation, induction, pathways, tissue specificity, developmental stages, subcellular location, quaternary structure, diseases associated with deficiencies in the protein, similarities to other proteins, etc.
To enhance the annotation of TrEMBL, we developed a novel method for the prediction of this information. The method tries to find groups of SWISS-PROT (Bairoch and Apweiler, 1998 ) entries similar to the unannotated protein, extracts the annotation shared by all entries of one group, and assigns this common annotation to the unannotated protein.
System and methods
The proposed algorithm requires four major components. First of all, a reference database serves as the source of annotation. It must be a protein sequence database containing highly reliable and well-curated information. Next, we need a list or better database of protein sequences that are to be annotated, called target database. Furthermore, an external database must supply the means to assign proteins to groups. For the nature of these groups a wide range is thinkable, as long as the members of a group are biologically related to each other. Finally, a database is necessary that stores and manages the developed rules, their sources and their usage.
The algorithm was developed for the automatic annotation of TrEMBL. Although it is applicable to a wide range of biological sequence databases, it is easier to follow the flow of information if we give detailed examples for actually used data sources. Since the TrEMBL database is used as a target, SWISS-PROT serves as the reference database and source of annotation. For this example, PROSITE patterns have been chosen as external database and source of grouping information. Figure 1 shows the flow of information during the automatic annotation. The algorithm can be divided into five major steps.
Algorithm
(1) Extract conditions from external database To make use of the external database, we must translate its information into some kind of conditions that can be tested efficiently on a protein entry. In the PROSITE example, we translate the pattern from the proprietary syntax to a standard unix regular expression. As only the notation has to be changed, this can be done automatically without errors.
(2) Group SWISS-PROT by conditions
We test all conditions against all SWISS-PROT entries and store which entry fulfils which condition. This could be done by matching the translated patterns to whole SWISS-PROT -or in this special case -simply by looking at the links from SWISS-PROT to PRO-SITE given in the DR PROSITE-lines. For every condition, we have now a set of SWISS-PROT entries that fulfil the condition.
(3) Extract common annotation For every condition, we take the stored list of SWISS-PROT entries and try to find any annotation that is common to all entries. For practical reasons we allow also annotation that is shared by nearly all entries, while the exact definition of 'nearly' depends on the type of annotation and the size of the set of entries. For instance, the subcellular location 'nuclear' is accepted, if 90% of more than 20 entries are annotated as nuclear protein. This common annotation is linked to the condition and to the set of SWISS-PROT entries and stored in a so called RuleBase. At this stage, the automatically created rules can be checked and improved manually. The final step copies the annotation attached to a condition to all TrEMBL entries that meet this condition. Since more than one condition may provide the same information, or the information may be already known from other sources, we avoid collisions and apply the rules in a strictly sequential manner. No existing or already successfully added annotation is replaced. Furthermore, the new annotation has to be flagged as derived 'BY SIMILARITY'.
Reliability of the conditions
As the reliability of the conditions is crucial to the reliability of the algorithm, a three-step procedure is used to reduce the number of false positive PROSITE hits.
Firstly, the taxonomic classification of the TrEMBL entry must be within the known taxonomic range of the PROSITE pattern. For instance, a match of an a-priori prokaryotic pattern against a human protein is regarded as false positive and filtered out.
Secondly, the significance of the PROSITE pattern match is checked. This is done by a second check of the TrEMBL sequence with a set of secondary patterns derived from the PROSITE pattern. These secondary patterns are computed with the eMotif algorithm (Nevill-Manning et al., 1997) . The PROSITE database contains a list of all SWISS-PROT proteins that are true members of the relevant protein family. For each pattern, the true positive sequences are aligned and fed into eMotif, which computes a nearly optimal set of regular expressions based on statistical rather than biological evidence. We us a stringency of 10 -9 , so that each eMotif pattern is expected to produce on random a false positive hit in 10 9 matches.
Thirdly, in cases where a protein family is characterized by more than one PROSITE signature, all signatures must be found in the entry. For instance, bacterial rhodopsins have a signature for a conserved region in helix C and another signature for the retinal binding lysine. If a TrEMBL entry matches only the helix-C-pattern, but not the retinal-binding pattern, it will not be regarded as a bacterial rhodopsin.
The raw PROSITE hits and all results of the confirmation steps are stored in a hidden section of the TrEMBL entry, but only those hits that satisfy all confirmation conditions are made publicly visible in a DR PROSITE-line.
Modelling of rules
The conditions and the blocks of common annotation are modelled according to the way scientists do the manual annotation of SWISS-PROT. We use the concept of a rule, and demand that every rule has one or more conditions and one or more actions associated to it. If the conditions hold for an unknown TrEMBL protein, all the actions are applied to it.
Formal language for the rules SWISS-PROT contains controlled vocabulary fields (e.g. keywords), structured simple sentences (e.g. subcellular location), and free text fields (e.g. function). Keeping the TrEMBL objectives in mind, to add rather none than wrong annotation, but to include as much reliable information as quickly as possible, we developed a simple but effective method to process the conditions and the common annotation text.
For every condition we want to test on a protein, we have to define a condition type and describe the testing routine in a programming language. For every annotation we want to add or change, we have to define an action type and implement the necessary steps. Now we can express the rules in a formal language that is independent of the used platform and programming language. As an example, Figure 2 shows the rule for ribulose bisphosphate carboxylase proteins. The rules are available online at http://tonic.ebi.ac.uk:8889/rulebase/plsql/ruledemo.exe_query?rule_no=RUnnnnnn.
For bookkeeping and version control, we have line tags starting with '#'. Condition lines can be recognised by the question mark followed by a four-letter code for the condition type (e.g. '?PSAC x': does the protein sequence contain a PROSITE match with accession number x). Similar, the annotation to be added is written with an exclamation mark followed by the action code (e.g. '!SPDE y': replace the description line with y).
Implementation
The rules, conditions, and actions are stored in a relational database. The schema uses a main table for the rules, which is linked to an action table in a (1:n)-relationship. The condition table is linked to the rules using a separate table to model the (n:m)-relationship. Since this table contains fields for a negation flag and a disjunctive set number, we can easily ex- press any Boolean term with this linkage table. Every row in these tables contains information about the data source, be it manual entry or automatically derived by a certain program. The necessary version control was implemented using the methods used by the EMBL nucleotide sequence database. For every table a so called audit table was created that stores deleted or changed rows together with a timestamp and a comment. Thus we can query how a certain rule looked like at any stage of its history.
The rule storage database may also be viewed over the WWW. This access was implemented using Oracle Webserver and PL/SQL-based procedures.
Since SWISS-PROT and TrEMBL are currently stored as structured flat files, all condition and action types have been implemented as Perl subroutines. Figure 3 shows an example of the code for condition type 'protein has a certain PRO-SITE match' and a simplified example of the code for action type 'add enzyme code to description line'. Furthermore, an implementation of the syntactical constraint for this action type is shown. This constraint ensures that only valid enzyme numbers are added to the TrEMBL entries.
In the current implementation, a wrapper module uses Perl::DBI to access the relational database and hides the details of its relational schema. Only Rule-objects with attached Condition-and Action-Objects are visible to the Perl script doing the automatic annotation. 
Results
The implemented procedures have been used for the automatic annotation of TrEMBL releases 5 and 6. To create rules, we selected 295 reliable PROSITE patterns and the 12 105 SWISS-PROT proteins that are known to be true positive matches of these patterns. We chose 25% of the available PROSITE patterns to be able to verify the automatically generated rules manually and to compare them with the underlying protein entries. Approximately 35% of all TrEMBL entries can be characterized by a PROSITE signature but only around 30% of all TrEMBL entries are true positive matches. The characterization based only on PROSITE would lead to 10-20% of false positive assignments. The confirmation steps reduced the level of characterization by nearly a third to 25%. At this stage, we achieve a level of less than 0.07% of false positive assignments.
The RuleBase was filled with 262 rules using 597 conditions and 1099 actions. The actions have been derived by extracting the common annotation, therefore their distribution reflects the capability of the extraction procedure. There is a clear bias to line types with a controlled vocabulary. For almost all rules (260 of 262) at least one keyword has been found. Line types with a restricted syntax (e.g. similarity comment) are found quite often as well. A similarity comment is available for more than half of the rules, an enzyme number and a catalytic activity for more than a third of the rules.
These rules provided annotation for 2951 of the 29 330 new entries in TrEMBL 5, 1443 of the 15 078 new entries in TrEMBL 6, 9658 of the 106 330 entries already stored in TrEMBL 5, and 3254 of the 140 635 entries already stored in TrEMBL 6.
The resulting annotation (Table 1) , especially of the new entries, resembles the distribution of line types in the RuleBase (Table 2 ). For the old entries, the number of annotated lines is significantly lower, which is due to annotation added already to these entries. Since the rules have not been changed between the releases, any annotation added to the old TrEMBL 6 entries is only due to sequence updates and an improved PROSITE pattern matching procedure.
The information content of TrEMBL was significantly increased. Only 32% of the entries in the TrEMBLNEW database, which is not subjected to these automatic annotation methods, contain one or more keywords. After the last automatic annotation run, more than 51% of the TrEMBL database entries contain at least one keyword. However, this must be compared to the manually curated SWISS-PROT database, where 97% of the entries are annotated with keywords.
To compare the coverage of the automatic annotation, a simple measure is the total number of relevant annotation lines. Disregarding information about the organism, its classification, bibliographic references, and cross-links to other databases, there is a small but significant increase in the total annotation content of TrEMBLNEW and TrEMBL (Table 3) .
Discussion
The concept of propagating annotation from a reference database to a target database based on the annotation common to certain groups was successfully applied to the automatic annotation of the TrEMBL protein database. Using only a mere quarter of the available PROSITE patterns, more than 68 000 lines of reliable annotation have been added and 17 000 lines updated or improved. It was shown that the amount of added annotation clearly depends on the usage of restricted or simple language in the reference database. The implemented algorithm worked well for controlled vocabulary fields. However, there is room for further improvement in the natural language processing of free text fields (Eisenhaber and Bork, 1998) .
Because the algorithm extracts common annotation it is also used to check the consistency of annotation in SWISS-PROT protein families. Since most TrEMBL entries will be moved eventually into SWISS-PROT, the result of the automatic annotation tends to smooth its own template in the long run. Because of the triple-checking of entries incorporated into SWISS-PROT, this scheme could be seen as a beautiful feedback loop of automatically suggested annotation that is checked manually by scientists and used as a template for even more or better automatic annotation. The implemented version control and history function helps to optimise this feedback and allows to spot the TrEMBL entries touched by a certain rule if the involved scientists do not agree with an automatically assigned annotation.
It must be emphasised that the developed mechanism responds to updates of the reference database SWISS-PROT and the external databases. Both are constantly growing, and this additional information is fed into the data flow. The formal language for the rules is independent of the programming language and was designed to be used by imperative languages ('for every entry: if entry matches condition, add annotation to this entry') as well as by set-oriented languages like SQL ('add annotation to all entries that matches the condition').
Annotating features that are position-specific, like active sites, was possible, but was based mainly on information that was directly extracted from external databases. To deduce such position specific information from groups of SWISS-PROT entries, the protein sequences have to be aligned, and the conservation profile as well as the overall alignment quality assessed.
The procedures have been found to be stable and reliable, therefore we are planning to add more rules to the RuleBase, f.i. all PROSITE patterns and profiles, and use other external databases, f.i. Pfam (Sonnhammer et al., 1997) . Since the devised method works with any external database that assigns proteins to groups, we might also use cluster databases for this approach.
An advantage of the common annotation approach is that it may be used not only with protein families, but also with conditions aiming at a higher level in the protein family hierarchy. Only the annotation common to all members of this f.i. superfamily will be copied over. Also it is independent of multi-domain organisation of proteins. If a certain condition aims at a single domain that occurs with other domains, it can be expected that only the annotation referring to this single domain will be found in all relevant SWISS-PROT entries. On the other hand, if the single domain occurs always with another domain, the information for the other domain will be picked up as well.
By using the annotation of multiple entries, the implemented algorithm produces more reliable predicted annotation than methods based on the best hit of a sequence similarity search.
The community annotation approach (Harger et al., 1997) , where multiple research groups are asked to annotate sequences, may speed up the annotation as well. However, it tends to lack consistent use of nomenclature and annotation rules, which are necessary to any successful querying of the resulting database.
Using this algorithm 10% of the TrEMBL entries have been annotated. To avoid overprediction, we generated rules based on a small testset of only 200 reliable PROSITE patterns. Furthermore, we rejected pattern matches when we expected more than 20 false positive hits in the whole TrEMBL database. It is easily possible to yield a higher coverage, if more patterns and improved conditions are used.
